evidence the possible Fe isotope fractionation between fractions. This protocol allowed also testing the potential of (ultra)filtration techniques to generate isotope fractionation. The results provided evidence that abiotic Fe precipitation, (ultra)filtration techniques and OM deposition were not able to produce significant Fe isotope fractionation under the experimental conditions. However, at circum-neutral pH, the Fe-OM binding and titration experiments displayed a significant enrichment of heavy Fe isotopes in the < 30 kDa fractions relative to the total Fe pool δ 56 Fe = 0.35 ± 0.05‰ and 0.26 ± 0.05‰ (95% confidence interval, 2σ
and relative to international standard IRMM-14), respectively. Mass balance and error propagation calculation showed Fe isotope fractionation in binding and titration experiments between the > 30 kDa and < 30 kDa fractions for -0.35 ± 0.05‰ and -0.27 ± 0.05‰, respectively. This Fe isotope fractionation could be due to the complexation of Fe by OM in the < 30 kDa fractions. At pH 2, the OM-free experiment, the < 30 kDa fraction showed Fe isotope ratio δ 56 Fe = 0.75 ± 0.03‰ with an enrichment in heavy Fe isotopes of δ 56 Fe' = 0.14 ± 0.04‰ relative the total Fe pool (δ 56 Fe' is δ 56 Fe value which was corrected by δ 56 Fe of total fraction). This enrichment in heavy Fe isotopes induced an isotopic fractionation factor of -0.87 ± 0.26‰ between the > 30 kDa and < 30 kDa fractions produced by the complexation between the heavy Fe isotopes and OH -ligands in the < 30 kDa fraction. Natural Fe-OM associations were further investigated through oxidation experiments of a reduced wetland soil solution.
The oxidized soil solution was (ultra)filtered at 5 µm, 3 µm, 0.2 µm, 30 kDa and 5 kDa. The highest δ 56 Fe was obtained in the smallest size fraction, i.e. < 5 kDa fraction, yielding a nega-
INTRODUCTION
Iron (Fe) cycle is of major importance in the control of the environmental behavior of many chemical organic or inorganic elements. In aquatic surface environments, Fe can be distributed between truly dissolved, colloidal and particulate fractions, with a strong control of physico-chemical conditions (pH, Eh, etc) and organic and inorganic ligands (Pokrovsky and Schott, 2002; Allard et al., 2004; Liang et al., 2005; Sigg et al., 2014; dos Santos Pinheiro et al., 2014) . In surface waters, groundwaters and soil solutions, Fe is largely present as colloids or nano-aggregates in which Fe(III) is often bound to organic matter (OM) (Pokrovsky et al., 2005; Guénet et al., 2016; Guénet et al., 2017) . Such colloids are produced via anthropogenic forcing, physical and geochemical processes such as, alteration or erosion, and redox cycles resulting from water saturation/desaturation of soils (Chen et al., 2014; Hirst et al., 2017) . Their production actually increases in response to the environmental changes associated with an increase in the frequency and intensity of rainfall and permafrost thawing (Shirokova et al., 2013; Manasypov et al., 2015) . Such Fe-rich colloids are strong sorbents of contaminants (organic or inorganic) and subsequently key vectors of pollutants (e. Pédrot et al., 2008) . The increase of their production, natural or not, can have dramatic consequences for the water and soil quality. Recently, Guénet et al. (2017) demonstrated that the structural arrangement of Fe-OM colloids, controls their metal(loid) binding capacity which is dependent of their Fe/OM ratio rather than the specific surface area. Under environmental conditions, the Fe/OM ratio depends on the physico-chemical conditions prevailing during colloid formation. The most important parameters are the redox conditions, the pH and the OM properties. Elucidating the impact of such parameters on the colloids formation is therefore crucial but not trivial. Several characterization approaches could be used, for example, (i) fine structural characterization techniques such as X-ray absorption spectroscopy (XAS), small-angle X-ray scattering SANS or Small-angle X-ray scattering (SAXS), (Guénet et al., 2017 ) and (ii) the variation of the Fe isotopic signature (expressed as δ 56 Fe or δ 57 Fe relative to international standard IRMM-14). Iron isotopic fractionation has been shown to be able to trace biogeochemical processes and iron sources modern in Earth's surface environment (Bullen et al., 2001; Welch et al., 2003; Wiederhold et al., 2007; Johnson et al., 2008; Dauphas et al., 2017; Abadie et al., 2017) . The principal mechanisms expected to fractionate Fe isotope ratios include (i) abiotic Fe(II) oxidation and isotope exchange between Fe(II) and Fe(III) (Welch et al., 2003) , (ii) bacteria-mediated Fe(II) oxidation (e.g. Croal et al., 2004) , (iii) bacteria-mediated Fe(III) reduction (Icopini et al., 2004; Crosby et al., 2007 ) (iv) complexation by organic ligand (Dideriksen et al., 2008; Morgan et al., 2010 ) (v) Fe(II) sorption onto Fe(III)
oxyhydroxides (Teutsch et al., 2005; Frierdich et al., 2014) and (vi) precipitations of ferric oxyhydroxides Wu et al., 2012) . To be able to investigate Fe isotope composition of colloids under natural conditions (rivers, estuaries, etc.) , several studies used ultrafiltration separation techniques. In boreal waters, Ilina et al. (2013) reported that δ 57 Fe increases with the decreasing Fe/C org molar ratio while a reverse trend was observed by Schroth et al. (2011) and Escoube et al. (2015) in OM-rich colloids from high-latitude streams and meltwater due to active redox cycling. In estuaries, the flocculation of humic acid-rich colloids is a well-known process (Sholkovitz, 1976) . Escoube et al. (2009) and Rouxel and Auro, (2010) showed that colloid flocculation in estuaries produces insignificant Fe isotope fractionation. These observations were only possible thanks to the use of the size fractionation method allowing the discrimination of the prevailing chemical processes between dissolved and particulate Fe pools. However, several studies suggested that (ultra)filtration techniques may induce analytical artifacts in response to charge separation, diffusion, or filter clogging by OM (Ilina et al., 2013; Escoube et al., 2015) .
It is recognized that Fe is almost present as Fe/OM nanoaggregates in circum-neutral pH natural waters (e.g. Allard et al., 2004) which exert a major control on Fe isotope composition in streams and rivers water (Ilina et al., 2013; Escoube et al., 2015) . 
MATERIAL AND METHODS
All of the chemicals used in this study were of analytical grade. The solutions were prepared with ultrapure 18 MΩ water (Milli-Q system, Millipore). The containers used were (i) cleaned with 10% (v/v) HNO 3 for 24 h at 45°C (ii) and then with ultrapure water for 24 h at 45°C, and (iii) finally dried at 30°C. For sample digestion and chromatographic separation, analytical grade nitric and hydrofluoric acids were further purified by triple sub-boiling distillation in PFA vessel. Hydrochloric acid was purified in a PFA acid purification system (DST-1000, Savillex). The organic matter stock solution at 83 mmol L -1 of dissolved organic carbon (DOC), hereafter referred to as "OM solution", was made by dissolving 2 g of Gascoyne Leonardite soil (Cat. No. BS104L) obtained from the International Humic Substances Society (IHSS) (C = 49.2%, H = 4.5% and N = 0.9% as a mass fraction) in ultrapure water. All of the experiments were performed in duplicate. The samples were filtered through a 0.2 µm poresize cellulose acetate membrane (Sartorius®), previously washed with ultrapure water.
Roughly 15 mL of the aliquot was also processed by ultrafiltration at 30 kDa and 5 kDa (Vivaspin®, Sartorius) by centrifugation at 2790 g for 15 min and 2790 g for 30 min, respectively. The 30 kDa and 5 kDa ultrafiltration cells were previously cleaned using ultrapure water. At least 97% of sample was recovered. The procedural blank of (ultra)filtration membranes was assessed by processing ultrapure water throughout the entire filtration and ultrafiltration steps and Fe concentrations were not significant for our results (below 40 nmol L -1 ). The iron concentration in the blanks never exceeded 6.7 % of the minimum amount of Fe processed through the experiment. Lambert et al., 2014) . This Fe/C org is comparable with that at 0.01 for a soil solution of a Russian swamp zone (Pokrovsky et al., 2005) and at 0.006 for a water stream in a German wetland (Neubauer et al., 2013) . The ionic strength (IS) was fixed at 1 mmol L -1 with NaNO 3 electrolyte solution. The experimental pH was adjusted to pH 1, 2 and 6.5 using ultrapure HNO 3 or analytical grade NaOH. The pH 6.5 corresponds to typical pH encountered in soil solutions, whereas the pH 1 was chosen to ensure that Fe remains as free species and pH 2 was set to produce dissolved Fe complexes and to prevent Fe precipitation. The solutions were stirred for 24 h to reach a steady state as in previous studies (Weber et al., 2006; Catrouillet et al., 2014) . Then the suspensions were filtered through a 0.2 µm and ultrafiltered at 30 and 5 kDa. The Fe isotopic ratio (δ 56 Fe and δ 57 Fe) and Fe concentrations were analyzed for the total fraction as well as the < 0.2 µm, < 30 kDa and < 5 kDa fractions.
Organic matter titration by Fe
Approximately 247 mL of OM solution at 4.2 mmol L -1 DOC were titrated with a solution of Fe(NO 3 ) 3 at 8.9 mmol L -1 of Fe(III) at 0.05 mL min -1 using the first automated titrator (Titrino 794, Metrohm). The second titrator using a pH state mode (Titrino 794, Metrohm) provided the OH -for the Fe hydrolysis reaction through an electrolyte solution of 100 mmol L -1 NaOH to keep the pH constant (Guénet et al., 2017) . The accuracy of the pH measurement was ±0.04 pH unit. At the end of the titration, the suspensions were filtered at 0.2 µm and 15 mL of filtrate were also ultrafiltrated at 30 and 5 kDa. The Fe isotopic values and Fe concentrations were analyzed for the total fraction as well as the < 0.2 µm, < 30 kDa and < 5 kDa fractions. with a target Fe/C org = 0.02. The Fe concentrations and isotopic ratios were analyzed for the total fraction as well as the < 0.2 µm, < 30 kDa and < 5 kDa fractions.
Production of 'natural' Fe-OM associations
Natural Fe-OM associations were produced from a reduction/oxidation experiment of a soil solution. The soil was sampled in the organo-mineral horizon of the planosol of the Mercy wetland (Brittany, France) (Grybos et al., 2007) . The soil was first incubated under anoxic conditions in a Jacomex® anaerobic chamber. Approximately 130 g of sieved moist soil (at 2 mm and soil moisture = 44 wt.%) was mixed with 1.8 L of a solution prepared with 0.48 mmol L -1 of NaNO 3 and NaCl, and 0.1 mmol L -1 of Na 2 SO 4 (Guénet et al., 2017) . This solution mimics the anionic composition of autumnal water when the water level increases in the wetland (Grybos et al., 2007) . Anoxic incubations were performed in triplicate. The reduction progress was followed through the increase in the pH and Fe(II) concentrations (reaching 7.2 and 0.52 mmol L -1 , respectively) and the decrease in the Eh values (reaching approximately -130 mV). The soil suspensions were first filtered through 5 µm cellulose nitrate filters (Sartorius®). The soil solutions were split into three parts and stored in contact with ambient air in a dark room for 2 weeks to ensure extensive Fe(II) oxidation (as shown by XANES records, Guénet et al., 2017) . Using the same experimental setup, a previous study showed that Fe(II) is oxidized in less than 10 min and an apparent steady state was reached in the size redistribution between particles and colloids (Guénet et al., 2017) . The solutions were then filtered in a cascade mode using cellulose nitrate membrane filters at 5 µm, 3 µm and 0.2 µm (Sartorius filters). The < 0.2 µm fraction was then ultrafiltered at 30 kDa and 5 kDa using a Labscale TFF system equipped with two Pellicon XL membranes (PXC030C50 and PXC05C50).
Chemical analyses
The dissolved organic carbon concentration was determined using a total carbon analyzer (Shimadzu TOC-V CSH) with an uncertainty of 5% by a standard solution of potassium hydrogen phthalate (Sigma Aldrich). For the purpose of the trace element analysis, acidified filtrate samples were evaporated and pre-digested twice with 14.6 mol L -1 distilled HNO 3 at 90°C to release Fe from the organic complexes. The second step of digestion was performed using a mixture of 1 mL of 30% H 2 O 2 and 2 mL of 14.6 mol L -1 HNO 3 to eliminate the OM.
After total evaporation, they were then dissolved in 0.37 mol L -1 HNO 3 . The Fe concentration analysis was carried out using an Agilent 7700X inductively coupled plasma mass spectrometer (ICP-MS) at Geosciences Rennes (University of Rennes) with precision of 3% and 5% for > and < 1.8 µmol L -1 of Fe, respectively.
Iron purification
Acidified samples (roughly 15 mL of solutions, corresponding to no more than 100 µg or 1.79 µmol of Fe, (Rouxel et al., 2008) were digested overnight in PFA vials containing 3 mL of 14.6 mol L -1 HNO 3 and 0.5 mL of 22.6 mol L -1 HF and placed on a hot plate at 90°C. After complete evaporation, the samples were further digested overnight with 2 mL of 14.6 mol L Procedural blanks, including evaporation/digestion and ion exchange purification steps were determined for each sample batch. These blanks contained on average 0.47 ± 0.4 nmol of Fe. Compared to typical amount of Fe processed through the entire purification steps within the range of 30.4 nmol to 52.5 µmol, the blanks represent less than 1.6 % of Fe and therefore insignificant. An internal standard BHVO-1 (a Hawaiian basalt) with an average
Fe isotopic composition of δ 56 Fe of 0.10 ± 0.09‰ (2SD) (Rouxel et al., 2008) was used to evaluate the accuracy of the method. The yields from the sample purification steps were also verified by measuring the residual concentration of Fe in the eluted matrix solution using a ferrozine assay (Stookey, 1970; Jeitner, 2014) . In all cases, the Fe concentrations were below the detection limits, suggesting that less than 1% of Fe was lost during the purification (i.e. recovery > 99%).
Iron isotope measurements
Iron isotope composition analyses were performed at IFREMER in Brest (France) using a Thermo Neptune-plus multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) following the method described in Rouxel et al. (2008) . Solutions were introduced into the MC-ICPMS using a cyclonic spray chamber and a low-flow pneumatic nebulizer at 60 L.min -1 . For sample solutions with Fe concentrations below 5.4 nmol L -1 , a desolvation nebulizer (Cetac Apex) was used to improve instrumental sensitivity.
The Neptune instrument was equipped with high-sensitivity X-cones and was operated in either high or medium mass resolution to resolve argon-based interferences on Fe iso- In addition, a sample-standard bracketing approach was applied, using the IRMM-14 international reference material and a SPEX internal standard solution. A Ni reference solution was added to the standards and samples with a Ni/Fe ratio of 1 g/g.
In general, the Fe isotope compositions were measured at a concentration ranging from 18 to 72 µmol L -1 with a maximum difference of less than 10% between the concentrations of the samples and the standard. In the literature, the measured concentrations varied from 0.9 to 89 µmol L -1 (Rouxel et al., 2008; Escoube et al., 2009 
The internal precisions of the  56 Fe values were calculated for each analytical run using the repeated measurement of the IRMM-014 and SPEX standards and were found to be close to 0.08‰ for δ 56 Fe (at 2 standard deviation, 2SD). All of the samples were analyzed at least twice, and the mean values of the analyses duplicate are reported with their 95%
confidence interval (Supplementary data 1-6, Table S1 to Table S6 ). The external precision, determined by the duplicated analyses of BHVO-1 was 0.08‰ (2SD, n=12).
Mass balance determination and error propagation
The Fe isotopic composition of each sample (i.e. fraction A) was reported using the average of duplicated analysis. The error propagation of the size fraction A which measured n times, was calculated as:
The average of duplicate samples was reported as the Fe isotopic composition of each size fraction and the error propagation was calculated using Eq.3. (Eq.5)
The Fe isotopic composition and error propagations were calculated using a Monte Carlo simulation (Rouxel et al., 2016) for the calculated size fractions (i.e. > 0.2 µm, 0.2 µm-30 kDa and 30-5 kDa fractions).
In addition, the Fe isotopic fractionation between two components (i.e. A and B) is expressed as the difference between the δ 56 Fe values of each component as follows:
The error propagation of isotope fractionation (σΔ 56 Fe A-B ) between fraction A and fraction B,
, is calculated as:
Also the error propagation of the corrected Fe isotope composition (δ 56 Fe', Eq.2) is calculated as:
Speciation modeling
The Fe speciation in the experiments was modeled using PHREEQC-Model VI (Marsac et al., 2011) . This model assumes that the complexation of ions by humic substances occurs through eight discrete sites: four weak sites (carboxylic groups) and four strong sites (phenolic groups). The "minteq.v4" database was implemented with the specific binding parameters of Model VI corresponding to the complexation of Fe(II) and Fe(III) with organic matter (Marsac et al., 2013; Catrouillet et al., 2014) . The speciation was calculated in conditions allowing the precipitation of ferrihydrite.
RESULTS

Fe-OM binding experiments
OM-free experiment
In the OM-free experiment at pH 1, 4.9% in the > 0.2 µm fraction as precipitates (oxides and/or hydroxides) and more than 93% of the total Fe was in the < 30 kDa fraction as soluble species (Fig. 1a , Table 1 ). At pH 2, 7.9% of Fe is precipitated in the > 0.2 µm fraction and 84 % of Fe occurred in the < 30 kDa fraction. PHREEQC-Model VI calculated that, at pH 1 and pH 2, 99.9% and 93% of Fe was as free Fe 3+ species and 0.1% and 6.6% as Fe (OH) n 3-n , respectively (Table 2 ). At pH 6.5, 65% of Fe occurred in the > 0.2 µm fraction and < 0.1% of Fe was in the < 30 kDa fraction (Table 1) . PHREEQC-Model VI predicted that 100% of Fe was precipitated as ferrihydrite (Table 2) .
At pH 1, δ 56 Fe ranged from 0.50 ± 0.05‰ (2σ) to 0.57 ± 0.05‰ (2σ) (Fig. 1b , Table 1) for all measured fractions (i.e. total, < 0.2 µm, < 30 kDa, < 5 kDa), yielding δ 56 Fe' close to 0‰.
Therefore, no significant Fe isotope fractionation was observed by filtration and ultrafiltration, which is consistent with mass balance considerations since Fe was quantitatively transferred through the filtration membranes regardless of pore sizes. As a consequence, the neg- At pH 2, δ 56 Fe ranged from 0.61 ± 0.03‰ for the total fraction to 0.83 ± 0.03‰ for the < 5 kDa fraction, yielding δ 56 Fe' = 0.22 ± 0.04‰ for < 5 kDa, 0.14 ± 0.04‰ for < 30 kDa and 0.08 ± 0.04‰ for < 0.2 µm (Table 1) . Mass balance determination (Eq.5) showed significant Fe isotope fractionations between the > 0.2 µm and < 5 kDa Fe, and between the 0.2 µm -30 kDa and < 5 kDa pools at -1.16 ± 0.66‰ and -0.80 ± 0.50‰, respectively (Table 3) .
At pH 6.5, δ 56 Fe of the < 0.2 µm fraction was identical, within uncertainty, to that of the total fraction (0.55 ± 0.05‰ and 0.61 ± 0.05‰, respectively) despite retention of approximately 65% of Fe in the > 0.2 µm fraction. This yields δ 56 Fe' values for < 0.2 um and > 0.2 um near 0 ‰ suggesting a lack of Fe isotope fractionation under these experimental conditions. Isotopic analysis of the < 30 kDa and < 5 kDa fractions could not be performed due to too low Fe concentrations ([Fe] < 40 nmol L -1 ). Hence, under these experimental conditions, dissolved Fe occurs essentially in the 0.2 µm-30 kDa fraction.
Fe-free experiment
The Fe-free experiments were performed at pH 2 and pH 6.5. At pH 2, 56% of OM was in the > 0.2 µm fraction, compared to 20% at pH 6.5 (Fig. 2 , Table 4 ). Approximately 32%
of OM was in the < 30 kDa fraction, whereas these proportions increased to 42% at pH 6.5.
The initial Fe content of OM was 8.3 ± 0.13 µmol L -1 , but Fe remained undetected in the < 0.2 fractions. The amount of initial Fe content of OM corresponds to about 9 % of total Fe loading for all other experiments with Fe and OM. Considering a mean of δ 56 Fe = 0.09 ± 0.03‰
for the initial OM, the maximum effect of Fe impurities on δ 56 Fe of total Fe represent only 0.06 ‰, which is close to the analytical uncertainty. Regardless of this effect, no specific correction was needed for Fe-OM binding experiment.
Fe-OM binding experiment
At pH 1, 97% of Fe occurred in the < 0.2 µm fraction (Fig. 3a , Table 5 ) whereas only 24% of OM was recovered in the same fraction. The high retention of OM, 76%, in the > 0.2 µm fraction resulted from flocculation/precipitation reactions (Fig. 3b) . Similar features were observed for the < 30 kDa and < 5 kDa fractions (i.e. similar to OM-free experiments), e.g. about 90% of total Fe and 22% of OM were recovered in < 5 kDa fraction.
At pH 2, 51% of Fe and 9.9% of OM were recovered in the <0.2 µm fraction, and 48%
of Fe and 8.6% of OM were in the < 30 kDa fraction. Table S8 ). Therefore, no obvious isotopic variations were observed, which is similar to OM-free experiment. At pH 2, the < 0.2 µm, < 30 kDa and < 5 kDa fractions showed clear variations relative to the total Fe fraction, yielding δ 56 Fe' = -0.48 ± 0.06‰; -0.45 ± 0.06‰ and -0.44 ± 0.06‰ respectively (Table 5) . (Table 3) .
Experiments of organic matter titration by Fe
In the Fe-OM titration experiment at pH 2, 16% of Fe and 80% of OM were in the > 0.2 µm fraction as precipitated and/or flocculated species (Fig. 4 and Table 6 ). In contrast to binding experiment, the 30 kDa -5 kDa fraction represented a very small pool of total Fe.
However the 0.2 µm -30 kDa fraction represented a larger Fe pool compared to the binding experiment at similar pH. About 76% of Fe and 19% of OM were recovered in both the <30 kDa and < 5 kDa fractions. Iron therefore mainly occurred in the smaller fractions. At pH 6.5, 41% of Fe and 31% of OM occurred in the > 0.2 µm fraction (Table 6 ), which is substantially higher than pH 2 experiment but significantly lower that Fe-OM binding experiments at the same pH (Table 5 ). The < 30 kDa fraction contained the remaining 3.5% of Fe and 19% of OM. Therefore, 56% of Fe and 50% of OM were in the 0.2 µm -30 kDa fraction.
At pH 2, the < 0.2 µm, < 30 kDa and < 5 kDa fractions are enriched in light Fe isotopes relative to the total Fe, yielding δ 56 Fe' < 0.2 µm = -0.49 ± 0.06‰ and δ 56 Fe' < 30 kDa = -0.48 ± 0.06‰, with similar value for < 5kDa fraction ( Fig. 4c and Table 6 ). These results are remarkably similar to those obtained for the Fe-OM the binding experiment at pH 2. The Fe isotope fractionation factor between the > 0.2 µm and 0.2 µm -30 kDa was determined at 2.78 ± 0.91‰ (Table 3) . Similar values were also obtained for the Fe-OM the binding experiment at the same pH, with  56 Fe > 0.2 µm -< 5 kDa = 3.02 ± 0.62‰ (Table 3) . In contrast to binding experiment, Fe isotopic fractionation was not significant between the > 0.2 µm and 30 kDa -5 kDa fractions, because of low Fe concentration in the 30 kDa -5 kDa fraction. At pH 6.5, the < 30 kDa fraction (δ 56 Fe < 30 kDa = 0.80 ± 0.03‰) displayed a heavier Fe isotope composition than the total fraction (δ 56 Fe total = 0.54 ± 0.04‰), yielding a δ 56 Fe' < 30 kDa = 0.26 ± 0.05‰ (Fig. 4c , Table 6 ). This result is also comparable to that of the Fe-OM binding experiment at the same pH and opposite to the results obtained at pH 2. Mass balance (Eq.5) determined the Fe fractionation factor between the > 0.2 µm and < 30 kDa at -0.32 ± 0.11‰ and also between the 0.2 µm -30 kDa and < 30 kDa at -0.23 ± 0.05‰ (Table 3 and Supplementary data 9, Table S9 ).
No significant Fe isotope fractionation was observed within uncertainty between the > 0.2 µm and 0.2 µm -30 kDa fractions.
Organic matter deposition experiment
At pH 2, 55% of Fe and 69% of OM were retained in the > 0.2 µm fraction ( Fig. 5 and 5 and Table 7) .
At pH 2, the < 5 kDa fraction was characterized by significant enrichment in light Fe isotopes relative to the total Fe (δ 56 Fe' < 5 kDa = -0.23 ± 0.06‰) ( = 0.24 ± 0.07‰) and the 30 kDa -5 kDa and < 5 kDa fractions (Δ 56 Fe (30 kDa -5 kDa) -< 5kDa = 3.33 ± 1.34‰)( Table 3 ).
At pH 6.5, the < 0.2 µm fraction was enriched in light Fe isotope compared to the total fraction, with δ 56 Fe' < 0.2 µm = -0.35 ± 0.06‰ (Table 7) . Since Fe concentrations were too low (i.e. below detection), the δ 56 Fe could not be determined in the < 30 kDa and < 5 kDa fractions. Mass balance (Eq.5) resulted a Fe isotope fractionation between the > 0.2 µm and < 0.2 µm fractions for 0.39 ± 0.06‰ (Table 3) .
Natural Fe-OM associations
In the natural Fe-OM associations, 12% of Fe and 10% of OM were found in the > 5 µm particulate fraction, while 47% of Fe and 24% of OM were retained in the 5 µm -0.2 µm fraction ( Fig. 6 and Table 8 ). The 0.2 µm -30 kDa fraction contained 35% of Fe and 32% of OM. The remaining Fe (7%) and OM (34%) were in the < 30 kDa fraction ( Fig. 6 and Table 8 ).
The total fraction was characterized by a δ 56 Fe of 0.17 ± 0.03‰, which represented the composition of the initial soil solution. In contrast, the > 5 µm fraction displayed heavier Fe isotope composition with δ 56 Fe = 0.32 ± 0.04‰ ( Fig. 6c and Table 8 
DISCUSSION
Impact of precipitation on Fe isotopic fractionation
In the OM-free experiment, precipitation was shown to occur mainly at pH 2 and 6.5.
At pH 6.5 and as predicted by the PHREEQC-Model VI (Table 2) , Fe occurred mainly as Feoxyhydroxides in the > 0.2 µm fraction. The low Fe concentrations in the < 5 kDa and < 30 kDa fractions precluded the determination of Fe isotopic composition of these fractions.
Moreover, the calculation of the Fe isotopic fractionation factor between the > 0.2 µm and the < 0.2 µm fractions was insignificant, with Δ 56 Fe > 0.2 µm -< 0.2 µm = 0.09 ± 0.10‰ (Table 1 ),
suggesting that Fe precipitation as ferrihydrite did not produce any Fe isotope fractionation.
In contrast, at pH 2, the major pool of Fe was in the < 5 kDa fraction (about 80%) in which, Fe occurred as free or soluble complexes in agreement with modeling results (Table 2 ). The resulting Fe isotopic fractionation between the > 0.2 µm and the < 5 kDa fractions was significant, with Δ 56 Fe > 0.2 µm -< 5 kDa = -1.16 ± 0.66 ‰. Note that this value is also similar to Δ 56 Fe > 5 kDa -< 5 kDa and has relatively high propagated uncertainties due to the small pool of Fe retained on the membrane > 0.2 µm. Nevertheless, the <5 KDa fraction appears systematically enriched in heavy Fe isotopes relative to both > 0.2 µm and 0.2 µm-30 kDa fractions. An immediate implication of this result is that kinetic or diffusion effects during ultrafiltration were likely minor or insignificant (i.e. a light Fe isotope enrichment would be expected for the fraction passing through the membrane). As discussed by Roe et al. (2003) , Fe-OH binding favors the complexation of heavy relative to light Fe isotopes. In addition, as mentioned in previous section, according to modeling, about 6.6% of the total Fe is present as soluble Fe(OH) n 3-n complexes in the < 5 kDa fraction. At pH 2, the Fe isotope fractionation factor between the > 0.2 µm and the < 5 kDa fractions could therefore result from the small amount of Fe complexed by OH -ligands. These results also provided evidence that Fe precipitation has no direct impact on the Fe isotopes fractionation. Skulan et al. (2002) demonstrated also that no Fe isotopic fractionation occurred between Fe 3+ and hematite (Δ 56 Fe Fe3+ -hematite = -0.10 ± 0.20‰) at low and high (98°C) temperatures. . Moreover, at pH 2, complexation and precipitation occurred simultaneously. At this pH, all the < 0.2 µm fractions consistently showed an enrichment in Fe light isotopes relative to the total fraction. Mass balance considerations and error propagation (Eq.5) yielded  56 Fe > 0.2 µm = 1.02 ± 0.10‰ (Table 5 ) and  56 Fe > 0.2 µm -< 0.2 µm = 0.97 ± 0.11 ‰ (Table 3 ). Modeling calculations demonstrated that 31% of the Fe was bound to OM, whereas roughly 4.6% occurred as Fe(OH) n 3-n (Table 2 ). Several authors showed that the strong Fe-O bonds are formed via the O atoms of the OM carboxylic sites in bidendate or tridendate complexes (Catrouillet et al., 2014) between heavy Fe isotopes and OM (Dideriksen et al., 2008; Morgan et al., 2010 
Impact of OM on Fe isotopic fractionation
Impact of filtration and ultrafiltration on Fe isotopic fractionation
The OM-free experiment provided a first-order assessment of the fractionation of Fe isotopes during (ultra)filtration. At pH 1, Fe was mainly present as soluble species in the < 0.2 µm, < 30 kDa and < 5 kDa fractions and no Fe isotope fractionation could be expressed.
The pore size modification was mentioned as a usual problem of (ultra)filtration. Previously Ilina et al. (2013) demonstrated that (ultra)filtration cannot fractionate the Fe isotopes through a procedure check using non-cascade mode filtration. The OM deposition experiment was specially designed to test this hypothesis. At pH 2, OM and Fe were mainly retained in the > 0.2 µm fraction in response to the combination of the OM precipitation and the possible Fe binding with OM. The modeling calculation showed indeed that 31% of Fe was complexed to OM ( Table 2 ). The Fe isotopic composition of the < 5 kDa fraction, δ 56 Fe' < 5 kDa = -0.23 ± 0.06‰ (Table 7) suggested a significant enrichment in light isotopes in this fraction. However, this enrichment in light Fe isotopes at the < 5 kDa was not observed when 
Mechanisms controlling Fe fractionation
The δ 56 Fe measured for all of the fractions from the OM-free, binding, titration and deposition experiments at pH 6.5 were plotted relative to the Fe concentration (Fig. 7) . The All of these experimental results provided evidence that Fe precipitation alone (i.e. in the absence of OM-complexes) was not able to fractionate Fe isotopes. Likewise, the experiments demonstrated that Fe-OM complexation involved Fe fractionation and that this isotopic fractionation increased with increasing pH. The OM deposition on the (ultra)filtration membrane indirectly fractionated Fe isotopes in response to Fe complexation by the trapped OM. However, this process is probably insignificant in natural waters, given that, under natural conditions, Fe is bound to OM before the filtration is performed, i.e. Fe fractionation is produced before (ultra)filtration.
Application to "natural" Fe-OM associations
Iron-OM associations produced from the oxidation of a reduced soil solution were extensively characterized using X-ray absorption spectroscopy (XAS), transmission electronic microscopy (MET), fluorescence spectral analysis (EEM) and THM-Gas chromatography-mass spectrometry (THM-GC-MS) in a previous study (Guénet et al., 2017) . In summary, the particulate fraction (> 0.2 µm) was composed of fresh biological OM containing fragments and leaf debris mixed with humic acids (increasing from the > 5 µm fraction to the > 0.2 µm fraction). Iron was found as old inherited Fe(III) oxyhydroxides (goethite) or as nano-particles of hydrous Fe(III) oxides embedded within the OM matrix ( Fig. 8a and 8b ). Approximately 47% of the total Fe occurred in the particulate fraction 5 µm -0.2 µm. In the colloidal 0.2 µm -30 kDa fraction, OM occurred as aggregates of humic substances embedding Fe(III) nanoparticles and clusters (Fig. 8c ). In the < 30 kDa fraction, OM was found as small humic mole- (Fig. 9) . A similar relationship was also observed by Ilina et al., (2013) . These authors reported that the δ 57 Fe increase with the decreasing in the Fe/C ratio and the size fraction, which can be due to the changes in chemical nature of Fe-binding from Croal et al., 2004; Balci et al., 2006) . (Guénet et al., 2017) . Therefore, why did these fractions not exhibit lower δ 56 Fe?
The δ 56 Fe value for the 5-0.2 µm fraction was similar to that of the total soil suspension, and was intermediate between those of the > 5 µm and 0.2 µm -30 kDa fractions. This is explained by its composition, corresponding to the soil which inherited old Fe(III) oxides, Fe(III) nanoparticles, fresh OM and humic substances (Guénet et al., 2017) .
The combination of (ultra)filtration with spectroscopic characterization of the 0.2 µm -30 kDa fraction showed the presence of Fe-OM nano-aggregates and clusters. The small organic nano-aggregates (< 5 kDa) promoted the binding of heavy Fe isotopes resulting in enrichment in light Fe isotopes in the 0.2 µm -30 kDa fraction. However, when ultrafiltration is not performed, this isotope fractionation is hidden by the large Fe phases.
Conclusion
Although filtration and ultrafiltration are widely used in field studies notably, to fractionate particles, colloids and soluble fractions, just a few studies focused on the impacts of (ultra)filtration on Fe isotopic fractionation. Therefore, in the present work, our purpose was (Roe et al., 2003; Dideriksen et al., 2008; Morgan et al., 2010) . The OM deposition experiment revealed that regardless of the pH condition, OM deposition indirectly fractionated the Fe isotopes in response to the Fe complexation by OM, which coated the membrane. However, this process is probably very insignificant with regards to the Fe speciation in natural solutions since the complexation occurred before filtration and the Fe speciation is not expected to change during filtration.
These results were used to study and explain the Fe isotope fractionation observed between the various fractions of "natural" Fe-OM associations obtained from the oxidation of a natural reduced soil solution produced by anoxic incubation in a wetland soil. This observation of such Fe isotopic fractionation notably, for "natural" Fe-OM associations, was only possible through the use of the fractionation method, which allowed the discrimination of the prevailing chemical processes. Therefore, this method should be extensively used in the study of Fe fractionation since, neither filtration, nor ultrafiltration fractionated Fe isotopes. It appears that filtration and ultrafiltration are essential for further experimental and field studies, in order to assess Fe and OM speciation in the different fractions and therefore help to understand the potential control of the Fe isotopic fractionation. Fe (b) relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in the OM-free experiments at pH 1, 2 and 6.5. Fig. 2 . The DOC relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in theFefree experiments at pH 2 and 6.5. Fe (c) relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in the OM deposition experiment at pH 2 and 6.5. ns.
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